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ABSTRACT The potentials of biofuels are presented and discussed at the example of the 
actual situation in Germany and Europe. There exist various different potentials, howev-
er, in this article the emphasis is put on technical potentials, like production, utilization 
and environmental aspects. In particular for evaluation of the environmental impacts the 
Institute of Agricultural Technology and Biosystems Engineering of the vTI runs an 
emission test stand for diesel engines. This testing facility is able to drive heavy-duty di-
esel engines in both stationary and dynamic test cycles, like the European ESC and ETC. 
Further analyses are applied in order to determine fine and ultra-fine particles, PAH, al-
dehydes, ketones, and the usual regulated exhaust gas compounds. Through Ames tests 
also results concerning the mutagenic potential of the tailpipe emissions can be assessed. 
Former results of our group indicated that neat vegetable oils can lead to a high mutagen-
ic potency of the exhaust. Furthermore it was found that some of the non-regulated ex-
haust gas compounds vary nonlinearly with the blend composition. In particular, B20 
shows an unexpectedly high mutagenic potential and is also found to be subject to sedi-
mentation, if aged biodiesel qualities are brought into use. 
 
Keywords: Biofuels, Biodiesel, Exhaust gas emissions, Health effects.  
 
INTRODUCTION The fossil crude oil resources will be available for a limited time 
only. Most experts predict that the depletion midpoint – this is the date at which ap-
proximately half of the oil resources are exploited – will be reached within the next 10 to 
20 years, cf. Gerling (2005). After having passed this point, one can expect diminishing 
exploitation rates and drastically rising prices, if no alternatives are developed until then. 

Renewable raw materials can be used to substitute fossil energy carriers to a certain 
amount and they can reduce a country's dependence on imported energy. Moreover, they 
offer the advantages of: reduction of the emission of greenhouse gases; protection or gen-
eration of employment also in rural areas; and maintenance of cultivated landscape. The 
European Union has formulated the goal to reach a market share for alternative fuels of 
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10 % until the year 2020. This can be reached through application of neat fuels like bio-
diesel or vegetable oil; just like that, blending of biogenic fuels to fossil ones is possible. 

The application of biofuels offers a great variety of different potentials, like: 
• Production potentials (plant production; processing) 
• Marketing potentials (political framework; opportunities for utilization) 
• Utilization potentials (use in internal combustion engines) 
• Social potentials (creation and securing of workplaces) 
• Environment-related potentials (exhaust gas emissions and their effects on envi-

ronment and human health) 

In this article, we will concentrate on the environment-related potentials. 

THE UTILIZATION OF BIOMASS FOR PRODUCTION OF FUELS Today’s main  

Figure 1. Pathways for fuel production from biomass (Peña and Sheehan 2007; modified) 

ways for usage of biomass for the production of fuels are shown in figure 1. 

The first to be mentioned are “1st generation” pathways, like the conversion of fats and 
oils into biodiesel or the conversion of starches and sugars into alcohol. Also the anaero-
bic digestion of cellulose and hemicelluloses into biogas (methane) belongs to this path-
way. Following the characterization of IEA Bioenergy (2008), the 1st generation fuels 
lead to technical problems during their utilization, are not available in the needed quanti-
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ties and stand in competition with food or feed usage of the biomass. Figure 1 also shows 
“2nd generation” pathways, like hydrotreating of vegetable oils (leading to HVO) as well 
as conversion of cellulose, hemicelluloses or lignin through enzymatic hydrolysis to al-
cohols or through thermochemical treatment to hydrocarbons or syngas (producer gas), 
from which various fuels can be produced. 2nd generation biofuels can be used in unmodi-
fied engines and there is no direct competition to feed or food. Indirect competition in 
land use, water use and use of other resources is, of course, inherent. Algal systems could 
be the 3rd generation of biological production systems for fuels. Many people believe that 
these systems can bring out a great variety of products, such that various types of fuels 
can be produced. These systems could be established in areas that are unsuited for other 
agricultural production. Then even no competition in land use would result. 

However, in spite of all these very promising pathways one has to face the situation that 
today only the 1st-generation biofuels can be produced in considerable amounts. There-
fore the challenge is to overcome the disadvantages of these biofuels by making use of 
nonlinear blend effects when mixing these 1st-generation biofuels with small amounts of 
2nd-generation biofuels and (larger amounts of) fossil fuels. These fuels may be regarded 
as the 1.5th-generation biofuels. 

The European Union has promoted the use of biofuels since a long time. The goals were 
re-defined several times; the actual goal is defined as follows: “the share of energy from 
renewable sources in all forms of transport in 2020 is at least 10% of the final consump-
tion of energy in transport” in each member state (REN directive 2009). Until today, a 
share of 3.3 % has been reached. Germany played a key role in the application of biofuels 
in the European Union. The main contribution to this was provided by the use of rapeseed 
as raw material for biodiesel. Biodiesel is formed by the transesterification of rapeseed oil 

Figure 2. Biodiesel and vegetable oil consumption in Germany and production in the EU 
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with methanol, yielding rapeseed oil methyl ester (RME) and glycerol. Figure 2 shows 
the development of the use of biodiesel (B100) and rapeseed oil in Germany and its pro-
duction in the European Union (EurObserv’ER 2009 and UFOP). 

The biodiesel curve in figure 2 shows an almost exponential increase until the year 2005. 
Until 2006, the utilization within Germany was more than half of the European produc-
tion. This has changed, as starting from 1 August, 2006, Germany introduced rising taxes 
for biodiesel and vegetable oil; today this tax amounts to 0.18 €/L. From 1 January, 2007, 
a quota was applied. This amounted to 4.4% (energetically) of biodiesel, being equivalent 
to 5% in weight, which must be blended into the fossil diesel fuel. This fuel therefore is 
named B5. The quota biodiesel is fully taxed. As can be seen from the figure, the intro-
duction of the quota for biodiesel could not compensate the slump in neat biodiesel, such 
that the overall amount of utilized biofuel decreased. This trend could be observed for 
2009, too, when the market for B100 biodiesel collapsed. The small market for R100 
rapeseed oil has sunk to insignificance, too. The situation for the rapeseed producers, i.e. 
the farmers, and the small decentralized oil mills and biodiesel producers is even worse. 
A lot of the quota biodiesel is imported or is transesterified from imported oil by the big 
producers. Many of the small producers discontinued production or even went bankrupt. 
The German share of biodiesel in all sold diesel fuel has sunk from 12.5% (energetically) 
in 2007 to 7.5% in 2009. This means that a big chance to meet the 2020 European goals 
in an early stage has been lost. Confidence concerning investments into renewable ener-
gies has shrunk. 

Let us now come to the environmental and health effects of the utilization of biodiesel 
and biodiesel blends. 

EXHAUST GAS EMISSIONS AND THEIR EFFECTS Biodiesel reduces most emis-
sions from unmodified diesel engines. The reduction depends on the blend level. For ex-
ample, B100 produced from rapeseed oil or soybean oil reduces life cycle CO2 emissions 
by 50 to 75% compared to petroleum diesel. This effect is linear with blend level leading 
to reduced life cycle CO2 emissions by 2.5 to 3.75% per each 5% increase of biodiesel 
blending. Low-level blends will induce small reductions in emissions of hydrocarbons, 
carbon monoxide, particulate matter, and harmful air toxics as well. Nitrogen oxides 
(NOX), which contribute to summer smog formation, increase in the range of approxi-
mately 5 to 15 % when neat biodiesel is used. Numbers vary, however, B20 is believed to 
increase NOX by 2% to 4%. A number of biodiesel researchers are working on fuel addi-
tives to address this problem. For blend levels of 5% or lower, the NOX

MATERIALS AND METHODS Studies were carried out at the emission test facility of 
the Institute for Agricultural Technology and Biosystems Engineering at the Johann Hei-
nrich von Thünen Institute (vTI) in Braunschweig, Germany. 

 increase is negli-
gible. To our knowledge, only a few papers treat the influence of blends on the 
mutagenicity of diesel engine emissions (DEE), cf., e.g., Krahl et al. 2008. Therefore, we 
started a series of investigations especially concerning mutagenic effects of particle ex-
tracts and condensates from DEE. 

Engine test procedures, sampling and extraction method A Euro IV engine MAN D08 36 
LFL51 with turbocharger, intercooler, exhaust-gas recirculation and particle filter system 
(including an oxidation catalyst) (table 1) was coupled to a dynamic brake from AVL, 
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Graz, Austria. The test procedure was the European Stationary Cycle (ESC) for determi-
nation of regulated emissions and the European Transient Cycle (ETC) for mutagenic 
tests. In the latter case, the sampling procedure was carried out over the full test cycle 
with a constant flow rate of 25 L/min. The time courses of the two test cycles are shown 
in figures 3a/b. 

 

Table 1. Technical data of the MAN engine D08 36 LFL51 

Piston stroke 125 mm Rated speed 2300 min

Bore of cylinder 

-1 

108 mm Rated power 206 kW 

Number of cylinders 6 Maximum torque 1100 Nm at 1200-1800 min

Stroke volume 

-1 

6871 cm Compression ratio 3 18.0 
 

  

Figure 3a/b. Speed and torque during the 13-mode ESC test (left) and the ETC test (right) 

Particulate matter of each test cycle was collected from the undiluted exhaust part stream 
onto one glass fibre filter coated with PTFE (Teflon) (T60 A20, Pallflex Products Corp., 
Putnam, CT, USA). According to VDI Guideline 3872 part 1 “Measurement of Poly-
cyclic Aromatic Hydrocarbons” the exhaust gas phase was cooled under 50 °C using an 
intensive cooler (Schott, Germany) and condensates were collected separately. Further 
condensed compounds were desorbed from the cooler with 100 mL dichloromethane 
(DCM) or methanol and added to the condensates. Every fuel was tested three times, re-
sulting in 3 particle filters and 3 condensates for each 100% fossil diesel fuel (DF), 100% 
RME, and blends. The filters were conditioned (20 °C, rel. humidity 50%), weighed be-
fore and after sampling to determine the sampled particulate matter, and stored at -18 °C.  

Extraction of the soluble organic fraction (SOF) from the filters was performed with 
150 mL DCM in a Soxhlet apparatus (Brand, Wertheim, Germany) for 12 h in the dark 
(cycle time 20 min). The extracts as well as the condensates were reduced by rotary eva-
poration (Heidolph, Kehlheim, Germany) and dried under a stream of nitrogen. They 
were redissolved in 4 mL dimethyl sulfoxide (DMSO) immediately before use.  
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Fuels and chemicals

Nutrient media and most chemicals for the mutagenicity test system were obtained from 
Difco Laboratories (Detroit, USA) and Sigma (Deisenhofen, Germany). Methyl methane-
sulfonate [CAS 66-27-3], 2-aminofluorene [CAS 153-78-6], and β-naphthoflavone [CAS 
6051-87-2] were obtained from Aldrich (Milwaukee, USA), phenobarbital [CAS 50-06-
6] from Sigma (Deisenhofen, Germany). The compound 3-nitrobenzanthrone was synthe-
sized according to the method published by Hirohisa and Shimpachiro (1957). The ob-
tained purity was higher than 90%. DCM and DMSO, spectrometric grade, was provided 
by Merck (Darmstadt, Germany). 

 Reference DF was delivered by Haltermann Products, Hamburg, 
Germany, and RME was obtained from Bio-Ölwerk Magdeburg, Germany. Both fuels 
met the fuel standards EN590 and EN14214, respectively. Blends were produced using 
these two fuels. The fuel properties can be seen in detail in table 2.  

Table 2. Properties of the fuels. 

Property / Fuel Reference DF RME 
Density (15 °C) [g/L] 834 883 
Kin. Viscosity (40 °C) [mm2 2.95 /s] 4.42 
Flashpoint [°C] 84 176 
C.F.P.P. [°C] -21 -21 
Total sulphur [mg/kg] < 1 1.5 
Ash content [w/w%]  < 0.001 
Carbon residue [w/w%] < 0.01 0.06 
Cetane number [-] 53 51 
Water content [mg/kg] 20 146 
Copper corrosion [-] 1A 1 
Acid number [mg KOH/g] 0.00 0.04 
HFRR [µm] 265  
Polycyclics [w/w%] 4.3  
FAME content [w/w%]  > 99.0 
 

Mutagenicity assay Ames and co-workers developed the Salmonella typhimurium/ mam-
malian microsome assay (Ames test) that detects mutagenic properties of single com-
pounds as well as of complex mixtures by reverse mutation of a series of Salmonella ty-
phimurium tester strains, bearing mutations in the histidine operon (Ames 1975). Depend-
ing on the tester strain different types of mutations can be detected. The Ames test is the 
most frequently used test system worldwide in order to investigate mutagenicity of com-
plex mixtures like combustion products. It is adopted by the OECD as guideline 471 for 
testing of chemicals. This study employed the revised standard test protocol (Maron and 
Ames 1983) using tester strains TA98 and TA100, detecting mutagens that cause 
frameshift mutations and base-pair substitutions. These strains were shown to be most 
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sensitive to mutagens of organic extracts of diesel engine particles (DEP) (Clark and 
Vigil 1980; Claxton 1983). 

Necessary modifications of the test procedures for the investigation of DEE were outlined 
in detail before (Bünger et al. 1998; Bünger et al. 2000). Tests were performed with and 
without metabolic activation by microsomal mixed-function oxidase systems (S9 frac-
tion). Preparation of the liver S9 fraction from male Wistar rats was carried out as de-
scribed by Maron and Ames (1983). Phenobarbital and β-naphthoflavone (5,6-
benzoflavone) were used for induction of liver enzymes. These substances were proven to 
be safe and adequate substitutes for Arochlor 1254 (Matsushima et al. 1976). The 
mutagens methyl methanesulfonate (10 µg/mL in distilled water ), 2-aminofluorene (100 
µg/mL in DMSO), and 3-nitrobenzanthrone (1000 pg/mL in DMSO) were used as posi-
tive controls.  

Extracts and condensates were tested in the following log 2 dilutions: 1.0, 0.5, 0.25, 
0.125. Each concentration was tested both with and without 4% S9 Mix. Every extract 
and condensate was at least tested in triplicate. Plates were incubated at 37 °C for 48 h in 
the dark, and revertant colonies on the plates were counted using an electronically sup-
ported colony counting system (Cardinal, Perceptive Instruments, Haverhill, U.K.). The 
bacterial background lawn was regularly checked by microscopy, as high doses of the 
extracts proved toxic to the tester strains, resulting in a thinning out of the background. 

Evaluation of results and statistical analysis Mutagenic response was classified positive if 
a reproducible, dose-dependent increase of the number of revertant colonies was ob-
served (Mortelmans and Zeiger 2000). Revertant numbers of the positive results (means ± 
standard deviations) were estimated from the initial linear part of the dose-response 
curves. Differences between the fuels were tested for significance using Student’s t-test 
for independent variables, two-sided, using StatView for Windows, Version 4.57, Abacus 
Concepts Inc., Berkeley, CA, USA. 

RESULTS  
 
Table 2. Regulated emissions and consumption for the MAN D08 engine (ESC test) 

Fuel NOX  PM 
g/kWh g/kWh 

HC  
g/kWh 

CO  
g/kWh 

Consumption  
kg/h 

EURO IV limit 3.50 0.020 0.4600 1.500 - 
DF 3.06 0.027 0.0053 0.011 18.3 
B5 3.07 0.020 0.0046 0.008 18.3 
B10 3.01 0.020 0.0043 0.010 18.5 
B20 3.04 0.020 0.0041 0.011 18.6 
B30 3.16 0.026 0.0039 0.009 19.0 
B40 3.22 0.025 0.0038 0.011 19.2 
RME 
 

3.42 
 

0.032 
(0.016) 

0.0007 
 

0.010 
 

20.6 
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Regulated emissions The emissions followed mostly the well known trends (Krahl et al. 
1996; Schröder et al. 1999). RME raised fuel consumption and NOX emissions compared 
with DF. All other emissions decreased. The results are shown in table 2. 
In detail, hydrocarbons (HC) and carbon monoxide (CO) were far below the Euro IV 
limit. Due to the oxidation catalyst, the MAN D08 engine had detectable CO emissions 
only at idle mode and there were no differences between the fuels. A decrease of HC 
emissions with increasing percentage of RME was detected.  
 
PM emissions were at the level of the Euro IV limit (0.02 g/kWh). Surprisingly, RME 
showed the highest emissions. A second test two months later led to much lower emis-
sions (shown in brackets). An explanation for this unexpected and singular result could 
not be found yet. 
 
The test series around B20 was designed in order to bring some more light into one ob-
servation that was made some time ago. In a series of tests with diesel fuel, RME, GTL 
and B20 we found out that B20 exhibits an unpredicted increase in mutagenicity of the 
tail pipe emissions (particulates). The mutagenicity of B20 was considerably higher than 
the mutagenicities of the neat fuels DF and RME, respectively. The results of table 2 
show that this increase in mutagenicity does not find any parallel in the measured regu-
lated emissions. 
 
The results show an increase in mutagenicity from diesel fuel to B20 and a decrease for 
higher blends, cf. figure 4. RME was not tested in this series of experiments, but usually 
the mutagenicity for RME emissions is slightly lower than for DF. This would fit into the 
trend of the series B20...B40. 

Figure 4. Means and standard deviations of quadruple mutagenicity tests of particle ex-
tracts using tester strain TA98 with (+S9) and without (-S9) metabolic activation by rat 
liver enzymes; engine: MAN D08; Test: ETC 
 
The mutagenicity curve resembles the curve that Fang and McCormick (2006) found for 
the sedimentation from biodiesel blends, showing also a maximum for B20, cf. figure 5a. 
In some additional experiments we also found sedimentation, as can be seen in figure 5b. 
In particular, the formation of unsoluble oligomers occurred in cases when “aged” (i.e. 
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oxidized) biodiesel was blended into unpolar fuels like GtL or HVO. The peak varies 
with the fuel; it ranged from B5 to B15. The difference to Fang and McCormick, who 
found a peak at B20, can be caused by different diesel fuel and the fact that they used 
soybean oil methyl ester in their experiments.  

As a hypothesis, these oligomers may show a different vaporization behaviour, compared 
with the “normal” fuel components. It can be assumed that these oligomers vaporize un-
der decomposition, such that various fragments result, which may lead to an increased 
mutagenic potency of the tailpipe emissions. 

 
 

 

 

Figure 5a/b: Deposition as measured by Fang and McCormick, 2006 (left) as well as our 
own results (right) 

CONCLUSION Biofuels can contribute to a substitution of fossil energy carriers by re-
newable resources. At the moment, so-called 1st-generation biofuels are the only ones 
which have a considerable market share. In Germany, biodiesel may be blended into fos-
sil diesel fuel by 7%. It is desirable to increase this contribution of biogenic components 
in the fossil diesel fuel. For B20, we found a non-linear behavior concerning the muta-
genic potency of the tailpipe emissions. This behavior is in parallel to the tendance of this 
blend to form sediments, in particular if “aged” (oxidized) biodiesel is used. Research is 
under way to find additives that inhibit such behavior. 
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